The presence of Hard Alpha (HA) anomalies in titanium alloys represents a significant potential degradation to gas turbine component performance. Although HA defects in titanium alloys are rare, when they are present, they can crack and ultimately result in failure. In static fracture and fatigue test specimens, embedded HA defects had significantly higher fracture strengths than anticipated. The objective of this work was to determine if residual stresses caused by thermal expansion mismatch during material fabrication were the cause of the observed behavior. The residual stress fields in and around surface and embedded HA particles in Ti-6Al-4V were determined using an elasticity solution and measured coefficient of thermal expansion (CTE) data. The calculated stress distributions serve as the foundation for comparisons of the local stress and the fracture strength, the stress intensity factor K and the crack growth threshold ∆K th , with the experimentally determined fatigue lives. The analytical results indicated that CTE-induced residual stress around HA particles can contribute to the fatigue strength of Ti-6-4 by delaying microcracking of HA anomalies and reducing the driving force (effective ∆K) of the fatigue crack. Based on the analysis results, the differences between the surface and subsurface results as well as the difference between predicted and measured fatigue lives could be largely attributed to the residual stress effects caused by the mismatch of the particle and matrix properties.
INTRODUCTION
Hard Alpha (HA) are metallurgical anomalies where the alpha-Ti phase has been stabilized by the presence of nitrogen introduced during the melting process. The nitrogen rich HA anomalies are brittle and are susceptible to microcracking. While these anomalies occur infrequently, the presence of HA defects in titanium alloys can potentially degrade the structural integrity of rotors used in the aircraft gas turbine industry. Consequently, the Federal Aviation Administration (FAA) has requested that the gas turbine industry investigate whether damage tolerance methods are applicable as a supplement to the present safe life approach for treating potential hard-alpha initiated failure in Ti rotors. Following the recommendations of an industry working group, Southwest Research Institute and a team of gas turbine engine manufacturers that includes General Electric, Pratt & Whitney, Honeywell, and Rolls-Royce, are conducting an FAA-sponsored program to address the issues associated with the HA anomalies and their impact on rotor life management 1, 2 .
As part of the FAA-supported program, coupon tests on Ti-6Al-4V (Ti-6-4) specimens containing seeded HA defects were conducted by McKeighan et al. 2, 3 . The results of the coupon testing indicated that the fracture and fatigue strengths of the embedded HA were higher than anticipated. The presence of residual stresses caused by differential thermal expansion was postulated as a potential explanation for the observed behavior. The primary objective of this work was to quantify the magnitude of the residual stresses from the production process and to determine the impact of the residual stresses on fracture and fatigue strength. With respect to fracture strength, this work addressed the applied stress required to first crack the HA particle during monotonic loading. From a fatigue perspective, this work investigated the effect of 3 residual stresses on the stress intensity factor, K, of a crack spanning the HA particle and its impact on fatigue crack growth life.
For completeness, a brief review of the experimental fracture and fatigue test results and the cracking behavior of Ti-6Al-4V with naturally or artificially seeded HA defects 2, 3 are included as a foundation for the present work. Next, descriptions of the coefficient of thermal expansion data for HA and the analytical methods used to approximate the residual stress fields are presented. The subsequent sections describe the analytical fracture and fatigue models and comparisons of the experimental and analytical results. Finally, the roles of residual stress in cracking of HA and FCG in Ti-6Al-4V are assessed.
II. THE CRACKING BEHAVIOR OF Ti-6Al-4V WITH HA DEFECTS
The experimental results summarized in this section were carried out by
McKeighan et al. 2, 3 on Ti-6Al-4V that was artificially seeded with HA particles. The preparation of artificial HA defects and the complex multi-step procedure used to implant the seeded defects and their diffusion zones into Ti-6-4 blanks were developed and carried out by General Electric Corporate Research and Development Center (GE CR&D) 2, 3 . The seeded blanks were machined into dog-bone geometry specimens for static fracture and fatigue testing.
The gage length and width of the specimens were each 25.4 mm with a thickness of 12.7 mm.
Both surface and subsurface locations as well as two HA defect sizes were tested. A typical test specimen and the geometry of the HA defects are presented in Figure 1 . The small defects had HA cores with average diameters of 0.79 mm and lengths of 1.98 mm and diffusion zones with diameters of 1.5 mm. For the larger defects, the core dimensions were a diameter of 1.98 mm and length of 4.95 mm with a diffusion zone diameter of 3.18 mm. The artificial 4 defects had varying core nitrogen contents: low (nominally 2%), medium (nominally 4%) and high (nominally 6%), as shown in Table 1 .
Testing was carried out with hydraulic wedge grips in a servo-hydraulic test machine.
All specimens were monitored with acoustic emission (AE) and potential drop (PD) during testing in order to detect crack formation and growth. In addition, frequent visual inspections were performed on specimens with surface defects 2, 3 .
Fracture Test Results
Static tests were performed on both surface (9 specimens) and subsurface (5 specimens) defects in order to determine the applied stress at which cracking of the HA particle and diffusion zone occurred. The specimens were loaded to a specified stress level while monitored by the described techniques. Upon unloading, the subsurface specimens were examined by metallographic sectioning.
In the surface specimens, crack initiation in the core was observed in all cases at stresses less than 138 MPa, and in many cases less than 70 MPa. In the embedded specimens, significant cracking of the subsurface cores first occurred at applied tensile stresses on the order of 552 MPa to 759 MPa, according to the PD and AE results. With respect to cracking of the HA particles, the experimental data indicated that the interior HA were able to withstand applied remote stresses four times larger than the surface HA.
Fatigue Test Results
The fatigue tests were carried out with an R ratio (R = S min /S max ) of 0.1 at a variety of stress levels as specified in Table 1 . Fatigue testing was performed on 2 surface and 5 subsurface artificially seeded specimens. In the surface HA specimens, cracking of the defect 5 and growth in the Ti-6-4 matrix was observed at stress levels S max of 276 and 345 MPa.
Although the subsurface HA particles cracked, the cracking was predominately confined to the diffusion zone and no cracking into the matrix was observed in the specimens tested at 345 MPa.
Significant crack growth into the matrix was observed in both of the embedded HA specimens tested at 517 MPa. In the cases where crack growth occurred, the final crack sizes (where available) are also included in Table 1 .
In addition, a pair of fatigue tests (one surface and one subsurface) were carried out on specimens with natural HA defects from the contaminated billet study conducted by the Engine Titanium Consortium 4 . The natural HA defects were determined to contain approximately 5.5%
nitrogen (nominally HA-6N). In the specimen with the surface HA, cracking to breakthrough occurred after almost 23,000 cycles at a maximum stress of 345 MPa. In the fatigue test on the subsurface defect, four loading steps were used with maximum stresses of 345, 431, 517
and 690 MPa. The specimen failed after 13,300 cycles at the 690 MPa stress level, but sustained over 90,000 cycles at the various stress levels (all ≥ 345 MPa).
The experimental data again demonstrated that the embedded HA specimens were more resistant to fatigue than the surface defect specimens. Life predictions of the test specimens made using the fracture mechanics code, Flight_Life, consistently underpredicted the experimental behavior of embedded HA when residual stress effects were ignored 2 .
III. RESIDUAL STRESS FIELD OF HA PARTICLES
This section describes the determination of the coefficient of thermal expansion data for HA and the analytical model utilized to compute the residual stress profile in and around an HA particle embedded in a Ti matrix.
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Coefficient of Thermal Expansion (CTE)
Fabrication and testing of the specimens to determine the CTE of synthetic hard alpha samples were performed by GE CR&D 1 . Specimens containing HA with five nitrogen contents (nominally 2%, 4%, 6%, 9%, and 12%) in Ti were tested along with two baseline Ti-6-4 specimens without HA. Measurements of the percent expansion were made using a push-rod dilatometer to determine changes in the specimen length between room temperature and the HIP (hot isostatically pressed) temperature of 900ºC. A plot of the percent expansion results as a function of temperature is shown in Figure 2 . The CTE was determined from the slope of the percent expansion versus temperature plot. Table 2 . It is noted the CTE value for TiN is quite different from those of the HA measured in this study, but is almost identical to the CTE of Ti-6-4.
Residual Stress Field of HA defects
Residual stresses in the HA defect and surrounding matrix arose from differences in CTE, stiffness and Poisson's ratio between the HA and the Ti-6-4 matrix during cooling from the processing temperature. At the HIP temperature of 900ºC, the material was stress free. As the material cooled to room temperature (25ºC), the CTE differences between the HA and the matrix induced residual stresses in and around the HA particle. The residual stress profile was calculated using the elastic solution developed by Brooksbank and Andrews 5-7 for thermal 7 expansion differences between cylindrical or spherical inclusions and the surrounding matrix.
The cylindrical and spherical particle geometries are illustrated in Figure 3 . The parameters used in the residual stress characterization came from several sources. The CTE coefficients for HA and Ti-6-4 were determined based on the experimental data from GE CR&D 1 The residual stress profile for all of the cases had a characteristic shape ( Figure 4 ).
The HA particle was subjected to uniform triaxial compression. The maximum stress in the matrix occurred at the particle-matrix interface and the magnitude of the stress decreased dramatically as distance, r, from the particle increased. The effect of the particle became practically negligible at a distance of one particle radius away from the interface.
The residual stress profile corresponding to the experimental test specimen containing a large HA-6N particle in a Ti-6-4 matrix that was cooled from 900ºC to 25ºC is presented in Figure 4 . According to the analysis, the stress in the HA particle for this case is -279 MPa in triaxial compression. Depending on the nitrogen content, the residual stresses in the particles ranged from -124 MPa to -381 MPa for the bounding minimum and maximum values in Table 2 corresponding to HA-4N and HA-12N.
IV. CRACK INITIATION AT EMBEDDED HARD ALPHA PARTICLES

Crack Initiation Modeling
With the residual stresses in the HA particle quantified, the magnitude of the nominal 8 stress required to fracture the particle could be determined. After cooling, the embedded HA particles were in a state of triaxial compression. The local pressure (based on the principal stresses) varied as a function of the nominal applied tensile stress; as the nominal tensile stress was applied, the stress state became less triaxial. This loading path was used in conjunction with the fracture criterion developed by Chan et al. 9, 10 to determine the nominal tensile stress when particle cracking occurred in HA.
The fracture strength for HA under uniaxial compression (Y n ) at 954°C as a function of nitrogen content was determined in Chan et al. 9, 10 to be equal to
where N is the percent nitrogen content. To be consistent with the convention commonly used in fracture mechanics, compression is taken to be negative and tension positive here. A general expression for fracture strength for a generalized stress state (Y i ) was then normalized by the fracture strength for uniaxial compression (Y n ) to obtain
where P is the local pressure. Equation 2 describes the fracture strength curve (Y i versus P)
for HA. Pressure experienced by the particle is expressed in terms of the principal stresses as P = (σ 11 +σ 22 +σ 33 )/3
when an applied nominal tensile stress (σ ∞ ) was included, the principal stresses became For a HA with a nitrogen content of nominally 6%, the calculated applied stresses at particle fracture were 486 MPa for the surface defect and 765 MPa for the subsurface defect.
These values can be compared with the experimentally measured values of 34-138 MPa for the fracture of HA particles located at the surface and 552-793 MPa for embedded HA 2, 3 . Thus, the magnitudes of the stresses at which fracture of the HA particle is accurately predicted are for the embedded HA, but not for the surface HA where one or two principal stress components could be zero. Indeed, the computed applied tensile stress (204 MPa) at HA fracture was in reasonable agreement with the observed values (34-138 MPa) for surface defects when both σ c and σ z were taken to be zero at the free surface. The results indicate that the surface HA might have relaxed residual stresses in both σ c and σ z directions, rather than only in the σ z direction as assumed in the residual stress analysis for the surface defect.
V. FATIGUE CRACK GROWTH OF HA INITIATED CRACKS
Stress Intensity Factor Ranges of HA-initiated Cracks
The approach taken in the case of fatigue modeling is to examine the effect of the particle and matrix property differences on the stress intensity factor, K. When determining the stress intensity factor of a crack at the HA particle, the following factors can be significant:
• the effect of the residual stresses caused predominately by thermal expansion differences during the cooling process, and
• the effect of the differences in elastic constants (E, ν) between particle and matrix.
The impact of each of these factors was investigated initially. The effect of the residual stresses on K was determined to be more significant than the elastic constant differences (Erdogan and Gupta 11 ) caused by the presence of the particle. As a result, the subsequent analyses only include the residual stress field effects of the HA particle.
A variety of geometric cases were considered, including stress intensity factor solutions for a crack embedded within a particle, a crack spanning a particle, and a crack spanning a particle and growing in the surrounding matrix. As a result of actual component experience that HA particles, with their high nitrogen content, are often precracked, the case of a crack spanning a particle and growing into the surrounding matrix was selected for investigation. This is essentially a damage tolerance type of approach where the initial crack size is assumed equal to the HA particle size and where any type of crack nucleation/formation is neglected.
The residual stresses were implemented with a superposition of stress intensity factor solutions for the nominal stress, K nominal , applied away from the crack and the residual stresses, K residual , from the CTE differences during the cooling process, as given by
where K total is the stress intensity acting on the HA-initiated crack.
The stress intensity factor for residual stresses was determined by using a weight function approach where the K solution for an annular ring of load at a specific distance from a circular penny crack (developed originally by Sneddon and found in Murakami's handbook 12 was integrated over the residual stress profile described previously. where the residual stress profile determined earlier as a function of r is used.
In the case when the stress profile is constant, the integrals in 7 (a and b) reduce to the more familiar forms
for a penny shaped crack (spherical)
The total stress intensity factor K total and the relative contributions to K from the residual stress and the nominal applied stress are shown in Figure 6 for embedded HA-6N in a Ti-6-4 matrix and assuming a large defect with a spherical geometry. The results in Figure 6 are for a specific applied stress of 517 MPa, although the characteristic shapes and observed trends apply to a complete range of applied stresses. The compressive residual stresses in the HA particle result in a negative stress intensity factor when the crack is within the particle. When the crack completely spans the particle and even when it has grown into the matrix, the compressive residual stresses in the HA particle act to keep the crack closed and substantially reduce K total .
The region between K nominal and K total when the crack spans the particle and begins to grow into the matrix represents the significant contribution of the residual stresses. It is interesting to note how quickly the K nominal and K total curves converge as the crack grows ( Figure 6 ). This convergence usually occurs within a distance of one particle radius.
The reduction in K due to the residual stresses can impact the onset of fatigue crack growth as well as the fatigue life of a component. The following sections detail comparisons with the material's fatigue threshold and with experimentally measured fatigue lives.
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Comparisons of K and Threshold
Two methods for comparing the stress intensity factor with the material threshold have been investigated. First, the solution for K max resulting from superposition of the maximum applied stress can be compared directly to the threshold ∆K th . The threshold value is dependent on R ratio, as shown in the experimental data 2 in Table 3 . The experimental threshold ∆K th data (Table 3) were fit to a Walker type equation (Figure 7 ) resulting in the relation In the second method, the presence of the compressive residual stresses from the particle does not affect the magnitude of the stress range (∆S), but rather causes a shift in the R ratio.
The resulting ∆K can be compared to the ∆K th resulting from the appropriately shifted R ratio.
Using Equation 9, the comparison of ∆K with ∆K th as functions of the applied stress is shown in Figure 9 for the large defect geometry. At high stress levels (> 600 MPa), the applied stress dominates the residual stress and the effective R ratio approaches the nominal applied R of 0.1.
At mid-range stress levels (345-620 MPa), the residual stresses significantly reduce the R ratio -resulting in higher ∆K th values. For the applied stress level of 517 MPa, the R 14 ratio is reduced from 0.1 to -0.954 by the residual stresses (for a large HA-6N defect). As the applied stress approaches the magnitude of the residual stress, the R ratio approaches negative infinity and ∆K th increases toward positive infinity. The results in this region are not meaningful as the relationship between ∆K th and R is being extrapolated well beyond the available data.
The region of crack growth is represented by the area above the ∆K th curve (solid) in Figure 9 . The region of significance, however, lies between the threshold curve for the nominal R ratio (dashed line) and the threshold curve (solid line) including the residual stresses.
Cracks with ∆K values in this region would have been incorrectly predicted to grow using the standard FCG analysis without considering the effects of residual stresses at the HA.
The potential impact of several parameters has been investigated and is illustrated in Figure 10 . The results are presented for spherical HA-12N defects, where the 12% nitrogen case represents the largest difference in CTE and results in the largest residual stresses, as well as for TiN, whose CTE value (9.36E-6 1/°C 5 ) matched that of Ti-6-4 better than any of the HA particles. The TiN result is shown in Figure 10 to illustrate the point that the apparent increase in the ∆K th diminishes with decreasing differences in the CTE between the particle and the matrix.
For HA with nitrogen contents between 4% to 12%, the nitrogen percentage in HA influences the magnitude of the CTE (see Table 2 ) and the residual stresses; the latter in turn, affect the R ratio and the resulting ∆K th curve. The lack of a consistent trend in the dependence of CTE on nitrogen content between HA and TiN is currently not understood, but it is likely due to experimental uncertainties. Thus, the result for TiN may need to be treated with caution and viewed in the context of the actual CTE value and not in the perspective of the nitrogen content.
On this basis, the effect of the residual stresses has essentially been bounded by the pair of TiN and HA-12N ∆K th curves by virtue of the CTE values. It is also important to note that while K max and K min vary, the ∆K associated with the initial crack size is independent of the composition of the HA. The general shape of the ∆K th curves remains the same-approaching the nominal R = 0.1 value at high stresses and approaching positive infinity as the applied stress approaches the residual stress. Variations in the HA nitrogen content and the CTE result in the demonstrated shifts in the threshold curve. Sensitivity studies performed with the other parameters (E, ν) indicated that the nitrogen content and related CTE are the most significant factors. Additionally, comparisons were performed using a cylindrical geometry and the findings and trends were similar to those for the spherical case.
Impact of the Residual Stresses on Fatigue Life
Fatigue life predictions were performed by integrating the Paris relation for crack growth rate (CGR) from an embedded initial crack size to a final crack size. The crack growth rate relation for Ti-6-4 in vacuum was used 2 . Because of variations in the stress ratio (R) during crack growth, a Paris relation based on ∆K effective from the Newman crack closure model 13 where fcn( ) is used to indicate a function of parameters listed within the parenthesis. Detailed relations for the opening stress S open can be found in Newman 13 . Crack growth rate data were available for Ti-6-4 under vacuum conditions 2 . The parameters for the crack growth relations from Leverant et al. 2 , used in the life prediction analyses are presented in Table 4 . A constant value of S max /S o of 0.6 was assumed in the development of the CGR fit 2 and has also been used in the life predictions. The constraint parameter α has physical meaning and usually ranges from 1 for plane stress conditions to 3 for plane strain conditions. The optimal value of α = 2.027 was determined in 2 by collapsing the experimental CGR data from R ratios of 0, 0.5, and 0.75.
The life prediction analyses are based on crack growth from a crack equal to the initial defect (large defect, 1 mm) to a final crack size of 2.54 mm. The actual ratio of S max /S o varies for the individual stress levels examined (Table 5) . However, since a fixed ratio of 0.6 was used in the development of the CGR equation, the fixed value of S max /S o of 0.6 was also used in conjunction with the CGR parameters (Table 4) for the life predictions. This assumption has only a minor effect on these particular calculations.
The life prediction results are presented in Table 5 for both the spherical and cylindrical geometries. The analyses were carried out for cases with no residual stresses, with a HA-6N
particle in Ti-6-4 (representing the experimental specimens), and with a HA-12N particle in Ti-6-4 (representing the largest residual stresses). The compressive residual stresses, as anticipated, result in decreases in ∆K and thereby longer fatigue lives. The magnitude of the effect on life, shown as the ratio of life with residual stress to life with no residual stresses (Table 5 ), generally ranges from 1.3 to 4, but is heavily dependent on the applied stress level.
A direct comparison of the experimental and predicted fatigue lives is not possible because of the variety of data available (no crack, some growth, growth to failure). However, some meaningful observations and comparisons can be made by examining specific cases. The experimental and predicted data for the subsurface defect cases are presented in Table 6 . The predicted results are based on an initial crack size equal to the defect size of HA with the 6% nitrogen content. In the 345 MPa cases, no crack growth was observed in the applied cycles (ranging from 10,000 to 42,000); however, this result is somewhat expected when one considers the large number of cycles predicted for growth to the selected final crack size (2.54 mm). At the 517 MPa stress level, substantial crack growth was observed in both specimens after 10,000
and 20,000 cycles and compares reasonably well with the predicted 15,000 cycles. The life predictions correctly predicted the observed experimental behavior in all of the cases to this point.
After being subjected to prior loading at stress levels of 345, 427, and 517 MPa, the specimen containing the natural defect failed after 13,300 cycles at 690 MPa, which exceeded the predicted life (with residual stresses) of 8,600 cycles. At the lower stress levels for this specimen, the life predictions exceeded the number of applied experimental cycles and it was unclear when crack formation occurred. At the 690 MPa level, the model underpredicted the experimental failure life, which implies that a portion of the cycles may have gone toward formation of the crack.
It is important to note that significant numbers of cycles may be required for the crack to form initially, to develop a stable shape and to grow through particle/diffusion zone interfaces.
Evidence of these cycles are observed in the two specimens tested at 517 MPa. Specimen LLI-2 has a smaller final crack size after 20,000 cycles than specimen LMI has after 10,000 cycles.
These observed differences can be attributed to variabilities associated with fatigue and the phenomena described. The life predictions assume that the particle is initially cracked and the crack growth is a continuous process.
VI. DISCUSSION
The motivation for this work was to quantify the residual stresses and to address their ability to explain the experimental behavior in fracture and fatigue tests. To this end, this work has made several simplifications and assumptions with regard to geometry and composition.
The HA particle geometry was modeled as a perfect cylinder or sphere in this work.
Some of the strengths, weaknesses and issues related to geometry have been explored in the individual analyses. The reality, however, is that the HA geometry is most commonly irregular-shaped and there is evidence that cracking does not occur uniformly with only portions of the HA particle cracking. The geometry assumptions are reasonable approximations that have provided valuable findings. More complicated geometries have not been further explored in this work, because of the natural variabilities associated with the HA particles and the relatively small gains to be obtained by such modeling.
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A secondary geometry issue is the diffusion zone. The nitrogen content of the diffusion zone transitions between the HA particle and the matrix. The varying nitrogen content is expected to reduce the magnitude of the residual stresses because of the more gradual CTE differences. The presence of the diffusion zone has been neglected in the modeling performed here. Since the objective of this work was to characterize the potential effects, the particle/matrix cases (neglecting diffusion zone) were selected as they provide an upper bound for the potential effects. This approach can be justified by recognizing the fact that the particle/diffusion zone/matrix case is bounded between the no residual stress and the particle/matrix cases.
The residual stresses in the HA particles introduced by thermal expansion differences are by their nature compressive. The compressive residual stresses result in apparently high fracture and fatigue strengths. In fatigue specifically, the residual stresses result in a decrease in stress intensity factor and longer than expected life. The improvements in fatigue and fracture strengths are larger in embedded HA than in surface HA. For both cases, exclusion of the compressive residual stresses from component life prediction is conservative from a design standpoint. Knowledge of the potential effects of residual stresses, however, is useful when selecting stress levels and expected lives during laboratory or certification tests (e.g. spin pit tests).
VII. CONCLUSIONS
In this work, the residual stress profile for the region in and around HA defects containing varying nitrogen contents were quantified based on CTE, stiffness and Poisson's ratio differences. The effects of the compressive residual stresses were investigated with regard to the onset of crack formation and the growth of fatigue cracks and resulting lives when the HA 20 particles are subjected to cyclic loads. Based on this study, the following conclusions can be drawn:
1. The inclusion of residual stresses in the analytical models can be used to explain the apparent high fracture and fatigue strengths of the specimens with embedded HA particles observed.
2. The stress intensity factor evaluation including residual stresses was able to quantitatively explain the threshold related fatigue behavior -growth versus no growth, including cases where the traditional analysis (no residual stresses)
incorrectly predicted growth when no growth occurred.
3. A range of ∆K threshold curves incorporating the residual stresses has been presented for HA particles with different nitrogen contents. The threshold increases with increasing nitrogen contents in hard alpha by virtue of increasing residual stresses. At high-applied stresses, the effect of the residual stresses is relatively small, with its significance increasing as stress level decreases.
4. Since the residual stresses are compressive, they result in lower stress intensity factors and longer fatigue lives. Designs and life predictions made using the traditional analysis methods neglecting residual stresses will be conservative. Defect Size (diameter): S = small (0.79 mm), R = natural (1.02 mm), L = large (1.98 mm) Nitrogen Content: L = low (1.6%), M = medium (2.7%), H = high (6%) Defect Type: S = surface, I = interior (subsurface) Figure 1 . A typical test specimen containing a seeded HA defect. Schematic of the geometry of the surface and subsurface defects. All dimensions are in mm. Residual stress profile as a function of distance for an HA particle with 6%N embedded in a Ti-6-4 matrix and assuming a spherically shaped particle. embedded in a Ti-6-4 matrix and assuming a spherically shaped particle. σ r (r) is the radial stress, while σ c (r) is the circumferential stress at a distance, r, from the center of the hard alpha particle. Figure 6 . Composition of the stress intensity factor demonstrating the relative contributions of the nominal applied stress and residual stresses for a crack whose half-length corresponds to r. A spherical hard alpha particle is assumed.
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R ratio Final Crack Sizes Figure 8 . Comparison of K max with the threshold corresponding to the applied stress ratio R = 0.1. The impact of the residual stresses on K is compared to the observed crack growth/no growth.
